In the present study, we perturbed ␤-catenin function both in vivo and in vitro and examined the effects on synaptic development. Our results indicate that ␤-catenin plays a role in localizing synaptic vesicles at the presynaptic active zone by acting as a scaffolding protein to link cadherin clusters to PDZ domain-containing proteins via its PDZ binding motif. These results provide new insights into the molecular mechanisms by which the cadherin-catenin complex controls synapse formation.
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Results

Conditional Ablation of the ␤-Catenin Gene in Hippocampal Pyramidal Neurons
To investigate the role of ␤-catenin in the maintenance the pattern of CamIIKcre-controlled recombination, the CamIIKcre transgene was transferred to mice bearing the R26R reporter, a cre-inducible lacZ reporter (SoriAbsence of ␤-catenin did not appear to affect the ano, 1999). Almost complete cre-mediated recombinaexpression of a number of different synapse-specific tion was observed in the hippocampus, including CA1, markers, including synaptophysin ( Figures 1H and 1I ), CA2, and CA3 pyramidal neurons as well as dentate synapsin, PSD-95, and NR2A (data not shown). granule neurons ( Figure 1A ) and was initiated as early as P17 (see also Xu et al., 2000) . Previous studies have shown that expression of this transgene is restricted to Alterations in Synapse Number, Vesicles per Synapse, and Synaptic Responses excitatory neurons that express endogenous CamKII (Xu et al., 2000) .
in ␤-Catenin Mutant Mice To more rigorously examine the synaptic effects of ␤-catenin is normally expressed in cell bodies of CA3 ( Figure 1B ) and CA1 pyramidal neurons ( Figure 1D ) and ␤-catenin ablation, we used electron microscopy (EM) to analyze the morphology of synapses in the SR of adult exhibits a punctate pattern in the stratum radiatum (SR) as previously reported (Uchida et al., 1996) (Figure 1D ). control and mutant mice. In the mutants, we observed a 25% increase in the number of excitatory, spine synAnalysis of ␤-catenin expression in mutant slices revealed that approximately 80% of CA3 pyramidal neuapses (Figures 2A, 2B , arrowheads, and 2D), and a 3-fold increase in perforated synapses ( Figures 2C and 2E ), rons were negative for ␤-catenin ( Figure 1C ). In contrast, ␤-catenin immunoreactivity was completely absent in with no significant changes in the average length of the postsynaptic density (data not shown). Furthermore, CA1 pyramidal neurons and in the SR of mutant animals ( Figures 1E and 1G) .
there was a 40% reduction in the undocked pool of vesicles per synapse, whereas the number of docked we measured the amplitude of fiber volley, which reflects the number of activated inputs (fibers), at different stimuvesicles located less than one vesicle diameter from the presynaptic membrane was similar in both mutant and lation intensities. The amplitudes of fiber volley in wildtype and ␤-catenin mutant slices were almost identical control sections (Figures 2A, 2B, and 2F) . The reduction in the number of vesicles per synapse in mutant mice over a wide range of stimulation intensities, suggesting that ablation of ␤-catenin does not affect the number was not merely a redistribution of vesicles over a larger number of synapses. Indeed, in wild-type animals of afferent axons ( Figure 2G ). Next, we compared basal synaptic transmission by measuring the input-output 3917.34 vesicles were associated with synapses in a 700 m 2 area as compared to 2886.81 vesicles in murelation between the fiber volley amplitude and the ƒEPSP slope. The synaptic response was higher in tants. As Western blot analysis revealed no changes in synaptophysin and synaptotagmin protein expression ␤-catenin mutant slices compared to wild-type slices when stimulus intensities were low, but this difference (data not shown), the decreased number of vesicles associated with synapses in mutant mice is very likely diminished at higher stimulation intensities, possibly due to saturation of the postsynaptic response (Figure due to mislocalization of vesicles as opposed to an overall reduction in vesicles. 2H). The increase in basal transmission at low stimulation intensities could be due to changes in the number of To examine the physiological consequences of these morphological differences, electrophysiological tests presynaptic release sites (N), the probability of quantal release (Pr), and/or the postsynaptic quantal response were performed on hippocampal CA1 synapses. First, N-cadherin (data not shown). Synaptophysin-GFP also a form of short-term plasticity frequently used to infer colocalized with the early presynaptic marker protein the changes in "Pr" (Zucker, 1989) . Figure 2I shows that bassoon in ␤-catenin flox neurons not transfected with PPF at a low stimulation was almost identical in wildcre ( Figures 3D-3F ). These data indicate that synaptotype and mutant slices. Consistent with the lack of physin-GFP is a reliable marker for synaptic vesicle lochange in "Pr," we did not detect any differences becalization. tween genotypes in posttetanic potentiation (PTP), the Expression of cre recombinase in ␤-catenin flox enhanced transmitter release observed shortly after the neurons efficiently decreased ␤-catenin protein levels termination of a tetanic stimulation ( Figure 2J Figures 5C and 5D) . Thus, neither strong cadherin-mediated cell-cell adhesion nor the recruitment of ␣-catenin to cadherin clusters is required for the discrete localization of synaptic vesicles at presumptive synapses. In contrast, expression of ␤-cat⌬ ARM, ␤-cat⌬PDZ, and ␤-cat⌬C, each of which inhibits the recruitment of PDZ proteins to cadherin clusters, resulted in a more diffuse expression of synaptophysin-GFP along the axon (Figures 5E, 5F, and 5I ). This diffusion was confirmed by immunolabeling with synaptotagmin ( Figures 5G and 5H) and synapsin (data not shown) . Interestingly, the magnitude of synaptophysin-GFP diffusion along the axon was similar in cells expressing ␤-cat⌬C and ␤-cat⌬PDZ to those lacking ␤-catenin (Figures 3P and 5B), indicating that the main role of ␤-catenin in presynaptic assembly is to act as a scaffold to link cadherins with PDZ proteins.
There is considerable remodeling and de novo formation of synapses at the time the above experiments were performed (10-12DIV) ( . ␤-cat⌬ARM both prevents strong cell-cell adhe-␤-catenin and ␤-cat⌬N significantly rescued the diffuse sion as well as uncouples PDZ proteins from cadherin vesicle phenotype seen following ablation of ␤-catenin, clusters. Expression of all constructs was confirmed although the rescue was only partial in both cases, most by immunohistochemistry using a polyclonal ␤-catenin probably due to the levels of protein expressed (Figures  antibody (data not shown) .
6C, 6D, and 6F). In marked contrast, expression of Rat hippocampal cells expressing synaptophysin-GFP plus ␤-cat⌬N displayed a punctate pattern of fluo-␤-cat⌬PDZ in cells lacking ␤-catenin had no effect on 
the delocalization of synaptophysin-GFP (Figures 6E and 6F).
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